Cardiovascular disease is the number one cause of death in the United States. Deployment of stents and vascular grafts has been a major therapeutic method for treatment. However, restenosis, incomplete endothelialization, and thrombosis hamper the long term clinical success. As a solution to meet these current challenges, we have developed a native endothelial ECM mimicking self-assembled nanofibrous matrix to serve as a new treatment model. The nanofibrous matrix is formed by self-assembly of peptide amphiphiles (PAs), which contain nitric oxide (NO) donating residues, endothelial cell adhesive ligands composed of YIGSR peptide sequence, and enzyme-mediated degradable sites. NO was successfully released from the nanofibrous matrix rapidly within 48 h, followed by sustained release over period of 30 days. The NO releasing nanofibrous matrix demonstrated a significantly enhanced proliferation of endothelial cells (51 AE 3% to 67 AE 2%) but reduced proliferation of smooth muscle cells (35 AE 2% to 16 AE 3%) after 48 h of incubation. There was also a 150-fold decrease in platelet attachment on the NO releasing nanofibrous matrix (470 AE 220 platelets/cm 2 ) compared to the collagen-I (73 AE 22 Â 10 3 platelets/cm 2 ) coated surface. The nanofibrous matrix has the potential to be applied to various cardiovascular implants as a selfassembled coating, thereby providing a native endothelial extracellular matrix (ECM) mimicking environment.
Introduction
Cardiovascular disease is the leading cause of death in the United States [1] .
Currently, stents and vascular grafts are the primary therapeutic methods for treatment of cardiovascular diseases. However, restenosis, incomplete endothelialization, and thrombosis hamper their long term clinical success [2] [3] [4] . Native endothelium consists of a monolayer of endothelial cells that adhere to the underlying nanofibrillar basement membrane and modulate vascular tone by release of soluble factors, such as nitric oxide (NO). The local release of NO plays a critical role in controlling the function of the human cardiovascular system by regulating vascular cell homeostasis [5] [6] [7] . Thus, the inevitable loss of this multi-functional endothelium associated with vascular stretch and injury at the implant sites of stents and vascular grafts triggers a cascade of restenosis by smooth muscle cells proliferation with accompanying extracellular matrix production. The risk of late thrombosis by platelet adhesion also compromises long term patency. Altogether, currently used stents and vascular grafts remain limited by incomplete re-endothelialization, restenosis, and late-thrombosis (Fig. 1a) [2] [3] [4] 8] .
Numerous therapeutic approaches have been investigated to overcome these problems with limited success. It is believed that the incorporation of endothelium specific factors will provide an enhanced clinical treatment, specifically tailoring biomaterials for cardiovascular implant coatings. To this effect, several NO releasing materials have been studied in the form of films or hydrogels and found to reduce platelet adhesion and intimal hyperplasia, both in vitro and in vivo [9] [10] [11] [12] . However, none of the above materials are presently able to completely tackle all current clinical challenges, as they are limited by their inability to mimic the properties of native endothelium. Instead, a more multifunctional approach is required, which would provide a native endothelial extracellular matrix (ECM) mimicking environment on the surface of stents or vascular grafts to prevent restenosis and thrombosis by inhibiting smooth muscle proliferation and platelet adhesion, while enhancing re-endothelialization by promoting endothelial cell proliferation. Therefore, the goal of this study is to develop a native endothelial ECM mimicking nanofibrous matrix that consists of NO releasing peptide amphiphiles, and to study the behavior of endothelial cells, smooth muscle cells and platelets in vitro on this nanofibrous matrix.
Peptide amphiphiles (PAs) that consist of hydrophobic tails coupled to hydrophilic functional peptide sequences are attractive templates for biomimetic scaffolds because cell adhesion ligands and enzyme-mediated degradable sites can be incorporated into the hydrophilic domains of the PAs to mimic biochemical properties of the extracellular matrix (ECM) [13, 14] . In order to mimic properties of a native endothelium, the designed hydrophilic functional peptide sequences consist of a matrix metalloprotease-2 (MMP2) mediated cleavage site, Gly-Thr-Ala-Gly-Leu-Ile-Gly-Gln (GTAGLIGQ), [15] coupled to an endothelial cell-adhesive ligand, Tyr-Ile-Gly-Ser-Arg (YIGSR), [16] or a polylysine (KKKKK) group to form NO (or nitrogen oxide) donating residues [17] [18] [19] . This study utilizes a bottom-up approach to achieve a unique synergistic effect by combining multiple components, including cell-adhesive ligand (YIGSR), cytokine molecule (NO), enzyme-mediated degradation (MMP-2), and self-assembly into a nano-fibrillar structure. NO is a natural mediator of vascular homeostasis and is produced by endothelial cells. It has been known to reduce platelet adhesion and smooth muscle cell proliferation, while concurrently stimulating endothelial cell proliferation [18, 19] . Therefore, this nanofibrous matrix comprised two different PAs, PA-YIGSR (C 16 -GTAGLIGQYIGSR) and PA-KKKKK (C 16 -GTAGLIGQKKKKK). The nanofibrous matrix is designed to act as a surrogate reservoir of NO by replenishing the NO supply to the native artery during renewal of the injured endothelium. The incorporation of NO donating residues into the PA will allow controlled release of NO from the nanofibrous matrix coated on stents or vascular grafts into the local blood stream. NO will limit smooth muscle cell proliferation and platelet adhesion, while enhancing re-endothelialization onto stents or vascular grafts.
Materials and methods

Synthesis of peptide amphiphiles
Two thirteen-amino acid peptides consisting of MMP-2 sensitive sequences (GTAGLIGQ) with cell-adhesive sequence YIGSR (PA-YIGSR) or NO donating residue KKKKK (PA-KKKKK) were synthesized using standard Fmoc-chemistry on an Advanced Chemtech Apex 396 peptide synthesizer, as similarly described before. These peptides were alkylated to be linked to a 16 carbon palmityl chain, thereby creating an amphiphile [13, 14] .
2.2. Self-assembly of peptide amphiphiles (PAs) into nanofibrous matrix coating Self-assembly of PAs into nanofibers was characterized using transmission electron microscope (TEM). 5 ml of each 0.1 wt% PA solutions were cast on a carbon coated formvar copper grid (400 mesh). This grid was dried overnight. Before imaging, the dried samples were negatively stained with 10 ml of 2% phosphotungstenic acid (PTA) for 30 s. The samples were imaged (42,000Â, 52,000Â) on a FEI Tecnai T12 TEM microscope at 60 kV accelerating voltage.
Preparation of nanofibrous matrix coated culture chambers
For cell adhesion and spreading studies, 0.1 wt% PA solutions were prepared in DI water (pH 7.4). 50 ml of PA solution were placed in 12-well silicone flexiPERM cellculture chambers attached to glass coverslips. The chambers were placed in a chemical fume hood for 24 h to induce self-assembly by solvent evaporation. The chambers were further dried for another 48 h in a 37 C incubator and sterilized under UV for 4 h.
Cell maintenance
Human umbilical vein endothelial cells (HUVECs) were grown in endothelium growth medium (EGM) complete medium (2% FBS, 0.1% hEGF, 0.1% hydrocortisone, 0.1% gentamycin A, 0.4% bovine brain extract). Human aortic smooth muscle cells (AoSMCs) were grown in smooth muscle cell basal medium (SmBM) SingleQuot Ò Kit complete culture medium (5% FBS, 0.1% Insulin, 0.2% hFGF-B, 0.1% gentamycin A, 0.1% hEGF). All cells and media were purchased from Lonza Inc. (Walkersville, MD).
Optimization of ratio of PA-YIGSR and PA-KKKKK
HUVECs were seeded at density of 40,000 cells/cm 2 on different molar ratios of 
Preparation and characterization of NO-releasing nanofibrous matrix (PA-YK-NO)
Scrubbed NO gas was reacted with 1 wt% PA-YK solution under argon gas in a 100 mL round bottom flask overnight. The resulting PA-YK-NO solution was cast into films by dropping 150 ml on 13 mm glass coverslips. The PA-YK-NO films were dried in a chemical fume hood for first 24 h and at 37 C for the following 48 h. To account for nitrite bound to the PAs, PA-YIGSR-NO films were also prepared in the same way as a control. The films were incubated in 500 ml of HEPES buffer saline (HBS) in a 24 well tissue culture plate. The incubated HBS was collected, frozen (À80 C), and replaced by fresh HBS at 0 h, 2 h, 4 h, 6 h, 24 h, 1 day, and every alternate day up to one month. NO release from the PA-YK-NO nanofibrous matrix was quantified using the Greiss assay to measure collected nitrite, which is the primary degradation product of NO [19] . At the end of one month, each collected sample was mixed with 100 ml of the Griess reagent. The Greiss reagent consists of sulfanilamide and N-1-napthylethylenediamine dihydrochloride (NED), which react sequentially with nitrite to produce an azo compound that is responsible for providing colorimetric analysis. After incubation for 15 min at room temperature, the samples were read at 540 nm using an absorbance microplate reader (EL x 800, BIO-TEK Instrument, VT). The results were obtained by normalizing the NO content released from PA-YK-NO with the NO released from PA-YIGSR-NO.
Evaluation of cellular behaviors on nanofibrous matrix coatings
HUVECs and AoSMCs were seeded on PA-YK nanofibrous matrix coated culture chamber at densities of 30,000 cells/cm 2 methanol, and blocked using a 3% hydrogen peroxide solution. Cells were then incubated with tris-buffered saline, followed by incubation with mouse IgG anti-PCNA primary antibody (Dako Corp., Carpinteria, CA) diluted 1:100 in PBS with 3% FBS. Then, cells were incubated with anti-mouse IgG HRP (Dako Corp., Carpinteria, CA) diluted 1:100 in PBS with 3% FBS, followed by incubation with aminoethylcarbazole chromogen (Dako Corp., Carpinteria, CA). The cells were counterstained with Mayer's hematoxylin and rinsed with 37 mM ammonium hydroxide. The percentage of proliferating cells per field of view (20 Â) was determined by counting the red proliferating cells and blue non-proliferating cells using phase contrast microscopy. For all cell quantifications, five random fields were imaged and averaged for each well. Furthermore, four samples were tested for each condition making up the experiments. The results shown in the graphs depict an average of over 120 images from 3 independent experiments (n ¼ 12).
Evaluation of platelet adhesion on nanofibrous matrix coating
PA-YK and PA-YK-NO nanofibrous matrix coatings were prepared on 316L Stainless steel surfaces (1 Â1 cm 2 ). A solution of 2.5 mg/ml collagen I was prepared in 3% glacial acetic acid to serve as a positive control and cast into films in the same manner described for the PAs. Whole blood from a healthy volunteer was collected in BD Vacutainer Ò Heparin Tubes (BD, NJ) and mixed with 10 uM mepacrine to fluorescently label the platelets. PA-YK, PA-YK-NO, collagen films, and uncoated stainless steel surfaces were separately incubated with mepacrine-labeled blood at 37 C for 90 min and then rinsed with PBS. The number of adherent platelets per field of view (10x) was determined using a fluorescent microscope by averaging five random fields per sample. The results shown in the graphs depict data from 3 independent experiments (n ¼ 12) with four samples each.
Statistical analysis
All experiments were performed at least three independent times. All data were compared with one-way ANOVA tests to evaluate statistical significance using SPSS software. Within the ANOVA analysis, Tukey multiple comparisons test was performed to find significant differences between pairs. A value of p < 0.05 was considered to be statistically significant.
Results and discussion
Developing an endothelial ECM mimic coating is deemed as a vitally important solution needed to meet the current challenges faced by vascular grafts and stents. Towards this goal, we have synthesized and characterized a native endothelial ECM mimic nanofibrous matrix designed to reconstitute the properties of native endothelium onto the cardiovascular implant surface. Two PAs, PA-YIGSR and PA-KKKKK were successfully synthesized for this purpose. The PAs contain enzyme-mediated degradable MMP-2 sensitive sequences, along with YIGSR or a polylysine (KKKKK) group to form NO donating residues. PA-YKs were also designed by mixing different molar ratios of PA-YIGSR and PA-KKKKK. Thus, densities of cell adhesive ligands and NO could be tuned by varying the ratios of PA-YIGSR and PA-KKKKK. Self-assembly of the PAs into nanofibrous matrices was achieved by a solvent evaporation method. TEM images showed that all different PAs were successfully self-assembled into nanofibers with uniform diameter between 7 and 8 nm and several microns in length (Fig. 2) . Consistent multilayered nanofibrous matrix coatings were found.
To determine the optimal matrix composition, endothelial cells were seeded on various ratios of PA-YKs and cell adhesion was found to be significantly greater with increasing PA-YIGSR concentration (Fig. 3) . Thus, PA-YK (9:1 mol/mol) was used for all further studies. PA-YK was reacted with NO gas to form PA-YK-NO, as previously described [18, 19] , and allowed to form a self-assembled coating by solvent evaporation. Notably, PA-YK-NO also selfassembled into nanofibers with similar features (Fig. 2d) . Thus, the reaction with NO did not affect self-assembly of the PA-YK-NO into nanofibers, indicating that NO binding to side groups of PA-YK does not interfere with the self-assembly process. This could be explained by the fact that only amino acids closer to the core are critical in self-assembling process, as evidenced previously [21] . This also demonstrates that the side groups within PAs can be modified with biological functional groups without adversely affecting the self-assembly process.
The NO release profile from the PA-YK-NO nanofibrous matrix was evaluated using the Greiss assay. Successful NO release was observed, occurring in a two-stage process. An initial burst release occurred in first 48 h, followed by a slow sustained release over a period of one month that resulted in a 53% recovery of NO (Fig. 4) . The initial burst release could potentially be explained as NO release from the surface of the PA-YK-NO nanofibrous matrix that was easily accessible for local delivery. The subsequent sustained slow release may be attributed to NO release from the bulk of the nanofibrous matrix by a combination of diffusion and enzyme degradation. Over time, due to the presence of MMP-2 degradable sites, the nanofibrous matrix degrades slowly, and this is believed to aid in the sustained release of NO from the bulk of the matrix, locally dispensing NO as a concentration gradient. Furthermore, the release profile slightly increases after approximately 15 days, which may be due to the continued slow degradation of the nanofibrous matrix. Based on these results, if this PA-YK-NO nanofibrous matrix is self-assembled onto the surface of a metal stent with a surface area of 0.396 cm 2 (circumference diameter 3 mm, length 15 mm), the total amount of NO released into the blood stream over a month would be 0.32 mmoles. This amount is of the same order of magnitude as cumulative NO released by endothelial cells at a rate of 1 Â10 À10 mol cm À2 min À1 [22] . Moreover, the amount of NO has the potential to be easily tuned in future applications by changing the number of lysine moieties in PA-KKKKK. This is especially important when one considers that the proliferation of smooth muscle cells, which is one of the key events in restenosis, begins as early as one day after stent-induced injury [23] . Therefore, the 48 h burst release of NO is critical to arrest neointimal hyperplasia. The following slow sustained release over a longer period is required to maintain the non-proliferative state of smooth muscle cells, antithrombogenicity of the vessel wall, and promote endothelialization during the recovery period that can take up to several weeks. Within an in vivo setting, it is believed that the NO will recruit surrounding endothelial cells and circulating satellite endothelial progenitor cells from the blood stream and surrounding tissues onto the nanofibrous matrix coated stents or grafts to promote reendothelialization [20] . The presence of the endothelial cell adhesive ligand, YIGSR, is expected to promote their retention on the nanofibrous matrix against blood flow induced shear stress. NO release from the reservoir embedded in the nanofibrous matrix will stimulate endothelial cell proliferation and be maintained longterm due to slow the MMP-2 mediated degradation as triggered enzymatically by the local cells. The slow degradation will allow for a NO concentration gradient within the surrounding implant environment. Thus, all of these therapeutic factors provided by nanofibrous matrix will work in concert to produce an adhesive endothelial layer with similar characteristics to the native endothelium, further reducing the risk of restenosis and thrombosis as shown in Fig. 1b. The effect of the incorporated YIGSR on cell adhesion and spreading was evaluated by seeding HUVECs and AoSMCs on PA-YK nanofibrous matrix coatings. A significant difference was found in the spreading behavior of HUVECs compared to AoSMCs on the PA-YK nanofibrous matrix after 2 h (Fig. 5 ). HUVECs were found to spread three fold more than AoSMCs. These different cellular behaviors clearly indicate that the endothelial cell adhesive ligand, YIGSR-containing nanofibrous matrix (PA-YK) supports endothelial cell, but not AoSMCs, adhesion and spreading.
To evaluate the effect of NO on proliferation, HUVECs and AoSMCs were seeded on PA-YK and PA-YK-NO nanomatrices, and their proliferation was evaluated after 48 h of incubation. As shown in Fig. 6 , the percentage of PCNA positive HUVECs on the PA-YK-NO nanofibrous matrix (67 AE 2%) was found to be significantly greater compared to the PA-YK nanofibrous matrix (51 AE 3%). However, the percentage of PCNA positive AoSMCs on the PA-YK-NO (16 AE 3%) was significantly lower than on PA-YK (35 AE 2%). These results indicate that the PA-YK-NO nanofibrous matrix enhances endothelial cell growth but limits smooth muscle cell growth, which is consistent with earlier studies [18, 19] . Enhancement of endothelialization, while preventing smooth muscle growth, is deemed to be a pivotal step towards preventing stent/graft failure due to restenosis and late thrombosis [24] .
Activation and aggregation of platelets at the implant site has been implicated both in stent-restenosis and late thrombosis [2, 3, 25] . NO is known to be a natural potent anti-thrombogenic agent, serving in one of its many functions to prevent activation and aggregation of platelets in blood vessels [6, 7, 10] . Therefore, the thrombo-resistance of the nanofibrous matrix was evaluated by incubating with fluorescently labeled blood from a healthy human volunteer. As shown in Fig. 7 , platelet adhesion was dramatically reduced on the PA-YK (9 AE 3 Â 10 3 platelets/cm 2 ) and the PA-YK-NO (470 AE 220 platelets/cm 2 ) nanofibrous matrices compared to the controls, Collagen I (73 AE 22 Â 10 3 platelets/cm 2 ) and stainless steel (22 AE 9 Â 10 3 platelets/cm 2 ). Notably, there was a 150-fold decrease in platelet adhesion on PA-YK-NO as compared to that on Collagen-I. This result indicates that the PA-YK-NO nanofibrous matrix prevents platelet adhesion, which may contribute to limiting late thrombosis. Therefore, this nanofibrous matrix presents an attractive case for use as a biomimetic scaffold for coating cardiovascular implants. Current implants are limited by restenosis, thrombosis, and lack of endothelialization. NO is known to promote endothelialization, while simultaneously limiting smooth muscle cell proliferation and platelet activation and adhesion. Additionally, several other NO releasing materials have emerged recently and been shown to reduce platelet adhesion and intimal hyperplasia, both in vitro and in vivo. However, none of the above materials have so far been able to completely tackle all current clinical challenges, as they are limited by their inability to mimic the essential properties of native endothelium [10] [11] [12] 19, 26] . Native endothelium plays a critical role in controlling the function of the human cardiovascular system [5] [6] [7] . Thus, the approach of this study was to utilize bottom-up methodology to achieve a unique synergistic effect that combined multiple components, including endothelial cell-adhesive ligands (YIGSR), cytokine molecules (NO) retained by donor peptide moieties (KKKKK), enzyme-mediated degradation (MMP-2), and self-assembly into a nanofibrillar structure. All of these features of the nanofibrous matrix worked together to release NO in a controlled manner, while the cell adhesive ligands ensured the recruitment and adhesion of endothelial cells. NO also prevented smooth muscle cell proliferation, providing the scaffold with an anti-thrombotic character. It is therefore our belief that this nanofibrous matrix has great potential for application on implantable cardiovascular devices.
Conclusions
A native endothelial ECM mimicking nanofibrous scaffold was developed with tunable properties. This matrix consisted of two different self assembled peptide amphiphiles, containing either an endothelial cell adhesive ligand or polylysine NO donor. The peptide amphiphiles were mixed in a 9:1 molar ratio based on endothelial cell adhesion and reacted with pure NO under high pressure. This endothelial ECM mimicking nanofibrous matrix showed increased initial adhesion of endothelial cells due to the presence of endothelial cell specific ligands. The proliferation of endothelial cells was also increased by the nanofibrous matrix, while the proliferation of smooth muscle cells was limited. This property of the nanofibrous matrix is essential to promote reendothelialization and the prevention of neointimal hyperplasia. Finally, the endothelial ECM mimicking nanofibrous matrix was found to significantly limit the adhesion of platelets. A vital characteristic needed to limit thrombosis, which plagues conventional cardiovascular implants. In summary, this nanofibrous matrix has great potential to be applied to various cardiovascular implants as a self-assembled coating to provide a native endothelium ECM mimicking environment that may limit restenosis and thrombosis, while enhancing re-endothelialization. Therefore, this study presents a multifunctional strategy to overcome many of the current challenges faced in the treatment of cardiovascular disease. 
